Understanding of the role of the blood in amino acid transport and metabolism requires information not only about the plasma concentrations and turnover of these substances, but also about their distribution between the plasma and the formed elements of the blood.
Many workers (1) (2) (3) (4) have measured the concentrations of unbound amino acids in plasma and several have studied their contents in erythrocytes (5) and leukocytes (6, 7) . Simultaneous measurements of unbound amino acids in two or more of the blood compartments are few and limited (8, 9 ).
The present communication describes methods for the measurement of concurrent concentrations of unbound amino acids in plasma, erythrocytes, leukocytes and urine, and reports the results obtained from the study of normal fasting subjects.
METHODS
Collection of samples. Subjects were instructed to fast from 7 p.m. the evening before until the blood had been drawn. Between 8 and 10 a.m., 50 to 60 ml of blood was collected by the method of Lund, McMenamy and Neville (10) using one of the following resins for decalcification: Rohm and Haas anion exchange resin XE-114, mesh size 20 to 50, one part of which was cycled with ethylenediamine-tetraacetate (EDTA), two parts with chloride and one part uncharged; or, Rohm and Haas anion exchange resin XE-168, mesh size 20 to 50, two parts of which were cycled with EDTA, two parts with chloride and one part uncharged.' Decalcified blood as opposed to heparin-treated or citrated blood gave a much better yield of leukocytes. Containers of the blood were immediately placed in ice water for trans-* Aided by Grant C-2497 from the National Cancer Institute, Bethesda, Md. 1 After autoclaving, the latter resin sheds a small amount of a ninhydrin-positive substance with an Rf value between valine and a-amino-n-butyric acid; this substance did not interfere with the analyses. portation to the laboratory except where otherwise specified. Blood analyses were commenced within onehalf hour after the blood collection. Urines were collected during the latter part of the fasting period over a measured time interval of 6 to 8 hours with thymol as preservative.
Preparation of the plasma, crythrocytes and leukocyte s(laiiples for analysis. Surfaces that came in contact with blood or blood cells were treated to make them nonwettable (11) . Glass was first cleaned with a detergent solution, rinsed thoroughly, with water, dried, exposed for several seconds to vapors of Dri-Film 9977 (General Electric Co., Chemical Division), flushed with air, and finally rinsed thoroughly with water. Metal surfaces were cleaned, placed in a boiling solution of 1 per cent Arquad (Armour and Co.) for 2 minutes, then thoroughly rinsed with water.
Solutions used in sample preparation were kept at 2' C unless otherwise stated. For plasma and erythrocyte analyses a 12 ml aliquot of blood was centrifuged in a 15 ml plastic test tube at 1,700 X G for 40 minutes. Four ml of the plasma was removed and dialyzed by the thin layer technique (1) , except that here the plasma was placed in Visking tubing, size 22/32, and dialyzed for 2 hours against 25 ml of water. The dialysate was dried from the frozen state in a 25 ml round bottom flask.
The remainder of the contents of the plastic centrifuge tube was frozen, the tube was then cut in two below the residual plasma layer and approximately 4.4 g of frozen red cells was weighed accurately from the plug. The red cells were lysed by thawing, refreezing and rethawing, diluted to a volume of 12 ml with water, placed inside Visking tubing size 23/32, and dialyzed for 2 hours against 40 ml of water. The dialysate of the red cells was agitated for several minutes with 0.5 ml freshly washed EDTA-chloride resin prepared as described under Collection of samples. This procedure removes mnaterial from the dialysate which causes spreading of the glutamic acid and 0-phosphoethanolamine zones. It is filtered and dried from the frozen state in a 50 ml round bottom flask.
To obtain white cells for analysis, 40 to 50 ml of blood from a subject with a normal white count (smaller amounts of blood may he used from patients with elevated counts) was diluted with two parts of a 3 per cent dextran solution at 20 C, gently mixed for 5 minutes minutes at 7,800 X G using the centrifuge described by Gold and Solomon (14) . The relative volume of packed white cells was taken as the volume fraction of cells in the plug suspension.
The volume of the remainder of the plug suspension, usually 0.6 to 0.8 ml, was measured and made up to 2 ml with water. The cells were lysed by freezing and thawing and dialyzed in Visking tubing size 22/32 for 2 hours against 25 ml of water by the thin layer technique. The dialysate was treated with resin in the same manner as was described for the erythrocyte dialysates and dried from the frozen state in a 25 ml round bottom flask.
The residues of the dialysates from the plasma were dissolved in 0.345 ml of Tergitol-Safranin solution, the composition of which was as follows: 0.05 per cent Tergitol Nonionic NPX (Carbide and Carbon Chemical Co.), 0.005 per cent Safranin 0 dye (National Aniline Division, Allied Chemical and Dye Corp.) and 0.4 per cent EDTA trisodium salt. The wetting agent in this solution facilitates dissolving the residue in the flask and makes micropipetting more reproducible; the dye serves as a marker to aid in counting the multiple applications of the concentrates placed on the papers; EDTA is added as a general precaution to prevent the interference of bivalent cations in chromatography. The residues of the dialysates of the erythrocytes were dissolved in the Tergitol-Safranin solution on the basis of 0.054 ml per g packed cells dialyzed. The residues of the dialysates of the leukocytes were dissolved in the Tergitol-Safranin solution on the basis of 0.862 ml per ml of packed cells dialyzed. In the calculations, a 14.7 per cent increase in volume of the Tergitol-Safranin solution was allowed for the salts present.
Preparation of the urine samples for analysis. An aliquot of urine equivalent to a 12 minute excretion period was passed at 20 C through a resin column containing 4 ml of wet resin of the same type and prepared in the same manner as the resin used for the collection of blood. The flow rate was adjusted to about 1 ml per minute. The column was washed with a 10 mM solution of NaCl t6 give a total volume of effluent and wash of 40 ml. The resin step removes substances from the urine which might otherwise precipitate when the urine is concentrated and interfere with chromatography; amino acids were not retained by the resin. A sample of the mixed urine and wash solution was removed for total amino acid estimation (see below). The remainder was lyophilized in a 50 ml round bottom flask.
Concentrations of unbound amino acids in urine vary considerably. In order to estimate the approximate concentration for chromatography, a 50 pAl aliquot of the mixed urine and resin wash was placed on Whatman no. 1 paper which had previously been dipped in 0.1 per cent NaOH solution and dried. Fifty a1l aliquots of solutions of alanine at concentrations of 0.5, 1, 2 and 4 mMf were placed in the vicinity of the samples. The paper was dipped in the ninhydrin reagent, less collidine (1), and placed in an oven for 15 minutes at 600 C for color development. Where the intensity of the zone of the sample was between that of the 0.5 and 1 mM alanine standard, the dried residue from the urine was dissolved in 0.5 ml of the above described Tergitol-Safranin dye solution; where the intensity was between the 1 and 2 mM standard, it was dissolved in 1 ml of the TergitolSafranin solution; and where it was between the 2 and 4 mM standards, it was dissolved in 2 ml of the solution.
Results showed that the salts and other substances that dissolved in the Tergitol-Safranin solution increased its volume approximately 20 per cent. This increase in volume was not measured in each case but was assumed, and in the calculations appropriate corrections were made.
Chromatography. The developing solutions and staining reagents were the same as used in our earlier method for plasma amino acid determinations except for the following: a) 2, 4 and 8 ul aliquots of samples and 2, 3, 4, 6 and 8 ,ul aliquots of standard solution were placed on the chromatograms; b) S and S paper no. 589 (green ribbon) was used for the amino acid analysis determined by the ninhydrin-collidine and the isatin reagents; c) the determination of glycine with Solvent B (1) was omitted, since quantitative estimates made from chromatograms developed in this solvent have been found to be poor; furthermore, when taurine is present in large amounts, it interferes with the glycine zone. d) p-Dimethylaminocinnamaldehyde was used in lieu of p-dimethylaminobenzaldehyde in Ehrlich's reagent (15) ; and e) all periods of 16 hour development, except for the paper used to determine histidine and tyrosine, were reduced to 6 hours. It was found that substances on the chromatograms gave more intense stains after a 6 hour development period than after a 16 hour period; this modification, however, was a compromise since leucine and isoleucine were not resolved separately in the shorter time interval. The composition of the standard amino acid solution used for plasma, red cells and white cells is given in Table I ; that for the urine amino acid determinations is given in Table II.3 To minimize deterioration of the standard solution, 5 ml aliquots were freezedried and stored at -50 C. Glutamine, which was not stable in the presence of other amino acids in the dried preparations, and urea, which caused difficulty in drying of the amino acid solutions, were added to the TergitolSafranin solution which was used to reconstitute dried aliquots of the standard at approximately monthly intervals.
Estimations of the concentrations of the compounds were as previously described (1) . The taurine concentration in the white cells was estimated by using the serine and glycine zone of the standard. The concentration of arginine, which has the same Rf value as taurine, 3 All compounds were obtained from Mann Research Laboratories, New York, N. Y., except urea which was obtained from Merck and Co., Rahway, N. J., and ethanolamine which was obtained from Fisher Scientific Co., New York, N. Y. The compounds were dried in vacuo prior to weighing. was found to be very low in the cells and its contribution to the intensity of the taurine zone was negligible; this was always confirmed by the Sakaguchi test. The concentration of 0-phosphoethanolamine, which in Solvent A (1) has an Rf value approximately one-half that of glutamic acid, was estimated on the chromatograms developed 64 hours using the glutamic acid zone as a standard. Ergothioneine concentration was estimated on the papers treated with Pauly's reagent; its Rf value was slightly faster than histidine. Ethanolamine and ,-amino isobutyric acid concentrations were estimated on the papers treated with the ninhydrin-collidine reagent after 6 hours' development. The Rf value of ethanolamine was slightly faster than valine; the Rf value of n-amino isobutyric acid was slightly faster than alanine. The concentration of guanidoacetic acid was determined by the Sakaguchi test; its Rf value was slightly faster than arginine. Glutathionine and diglutathionine, both major ninhydrin-positive components of erythrocytes, did not move from the origin of application on chromatograms developed in Solvent A and were not determined. Histidine and methyl histidines (the latter are present in moderate amounts in urine) are reported as a combined value, since the isopropanol solvent does not resolve these compounds.
To express the amino acid values on the basis of a kilogram of water, plasma was taken to be 92 per cent and leukocytes 74 per cent water by volume. The erythrocytes were taken to be 65 per cent and urine 100 per cent water by weight.
Statistics. The individual amino acid values found in the study of the plasma, erythrocytes and leukocytes were assumed to be normally distributed. This assumption was reasonably satisfactory in most instances. In some leukocyte analyses, a skew distribution was evident for substances in low concentration. No attempt was made to adjust for this, since its effect was never such as to invalidate any of the conclusions drawn. Skewness was of such magnitude in some of the urine studies that ranges of the excretion rates were given rather than an expression of variability by a standard deviation notation.
The test statistic t = x was used to _6s 2/n,, + SY2/nY determine whether the mean of one sample population was equal to the mean of another sample population (16 where s. and n1 were, respectively, the standard deviation and number of samples from population x; and s, and n, were the same parameters from population y. The level of significance, a, that is, the probability of rejecting the hypothesis that the two means were equal when in fact they were equal, was taken as 0.05 for a two-sided test. Since in some categories the number of subj ects was small, the 8 error, which is the probability that the significant difference would not be redetected, in another set of experiments in which the same number of samples was employed, was large. The p error has therefore been estimated for analyses where significant differences have been found.
The sample correlation coefficient for regression analysis, R, was calculated to detect associations between concentrations intracellularly and extracellularly. Association probabilities greater than 0.95 (a rejection of p = 0 at an a level of 0.05) are noted in the tables by the symbol "+." The symbol 0 indicates a failure of this test to detect an association. With the exception of two compounds, ornithine in the plasma and phenylalanine in the erythrocytes, there were no significant differences as evaluated by the t test in the analyses conducted at 2°and 370 C. The values for ornithine in the plasma and phenylalanine in the erythrocytes differed by amounts which were at the border line of significance (a = 0.05). Furthermore the ,B error was large because of the small number of samples determined. To investigate further whether these concentration differences were real, additional ornithine and phenylalanine determinations were made at 20 and 370 C with blood from the same donor. In this instance the values at the two temperatures agreed in duplicate analyses within 15 per cent, which is well within the experimental variability of the method and makes it unlikely that the differences found before were significant. Given as micromoles per kilogram water, ornithine was 118, at 2°and 113 at 370 C, phenylalanine was 50 at 20 and 58 at 370 C. To obtain more power in our statistical treatment, a sign-rank test was conducted on all the data. The analyses were normalized by dividing the difference in the means at the two temperatures by the standard deviation. By this test the results of the plasma and leukocyte analy-ses were found to be identical at the two temperatures whereas the erythrocyte determinations were significantly higher at 370 than at In about one-third of the urines. substances interfered with the analysis of these two amino acids. In the remaining urines no color zones were found at glutamic acid and aspartic acid locations. Whereas paper chromatography has certain drawbacks for urine analyses, it does not lead to the destruction of glutamine, tryptophan or possibly other labile substances which are destroyed by conditions used in resin column analyses (19) .
A recovery study of the substances present in the urine standard added to urine specimens indicated no loss during the procedure. Recoveries of 83 to 132 per cent were obtained. The coefficient of variation averaged about 7, which is similar to the accuracy obtained in the other analyses using salt-saturated paper chromatography.
Normal fasting values in the body fluids
Unbound amino acid concentrations in plasma. The concentrations of unbound amino acids found in plasma are reported in Table I . These values agree reasonably well with those previously reported in which larger aliquots were used for analysis, except that the combined values of serine and glycine in the plasma are higher than those reported previously (1) . Plasma values for tryptophan are not given. Tryptophan was largely bound by the plasma albumin and the conditions under which the present experiments were conducted would not give a correct unbound value for tryptophan.4 One anomalously high glutamic acid value was found (70,moles per kg water); all other subjects had values lower than 30,umoles per kg water.
Unbound amino acid concentrations in erythrocytes. The concentrations of the amino acids in the erythrocytes and the erythrocyte-plasma concentration ratios are given in Table VI . The means of the plasma and the erythrocyte concentrations were statistically the same for alanine, a-amino-n-butyric acid, glutamine, lysine, methionine, phenylalanine, proline, threonine, tyrosine, valine, leucine plus isoleucine, and urea. In testing the distribution of molecules which carry net charges, a Donnan ratio of 1.4 was used between the plasma and erythrocytes. The average of the erythrocyte-plasma ratios for these substances, excluding that of methionine whose ratio was high and irregular, was 1.10. The increase over the expected ratio of 1.0 is believed to be an artifact induced by enzymatic activity in the ervthrocytes 4McMenamy, R. H., and Lund, C. C. To be published. (see previous discussion); and, if such an increase is allowed, the probability of equivalence of means of the above list of compounds is further improved. On the other hand, the mean concentrations of arginine, glutamic acid, histidine, ornithine, ergothioneine, and serine plus glycine were significantly different, implying that a concentration gradient across the red cell membrane exists for many substances. Aspartic acid was also undoubtely concentrated by the erythrocytes; it was frequently seen on the chromatograms of the red cell dialysates but never on those of the plasma.
With the possible exception of histidine, concentration gradients of similar magnitude have been observed by others (8, 9, 20, 21) . Tryptophan, in contrast to the plasma studies, was not bound to a nondialyzable component of lysed red cells (see Table III ) and, therefore, concentrations obtained for it by dialysis were reliable. The erythrocyteplasma ratio for the unbound tryptophan concentration was estimated by using an average unbound plasma tryptophan value of 17 Mmoles per kg water. 4 The low concentrations of arginine and the elevated levels of ornithine in red cells are of interest in view of the presence of arginase in these cells (22) . The observed concentration gradients muay be due to the slow transport of these compounds across the red cell membrane in the presence of relatively high arginase activity. Such a phenomenon as this had been attributed to Ehrlich ascites carcinoma cells by Johnstone (23) .
The hypothesis: "Is the concentration of the substance in the erythrocytes influenced by the concentration in the plasma?" was examined by computation of the correlation coefficient R (see column pc, Table VI) . A correlation with a probability i 0.95 was found for alanine, a-aminon-butyric acid, proline, tyrosine, valine, leucine plus isoleucine, and urea implying that a concentration dependence exists between the two media. An association in concentration intracellularly and extracellularly was not found for several of the compounds; however, by the very nature of the mathematical test this cannot be taken as an index of no dependence. Furthermore, in this investigation normal fasting subjects were studied and no large fluctuation in concentrations was imposed which would have made the correlation tests more sensitive. A detailed study of the relationship between the erythrocyte-plasma concentrations is in progress.
Unbound amino acid concentration in lettkocytes. The amino acid concentrations in the leukocytes of normal subjects were considerably higher than those in plasma or erythrocytes (Table  VII) . When compared with plasma glutamic acid, ornithine, serine plus glycine, taurine, and O-phosphoethanolamine were concentrated 20 times or more by the leukocytes, whereas the other amino acids (excluding arginine) were concentrated on the average 9.9 times (range 4.8 to 14.5).
It was of interest that glutamic acid, ornithine, and serine plus glycine also showed an enhanced concentration relative to the other amino acids in the erythrocytes, and it is implied that the concentrative potential for both the erythrocytes and leukocytes is large for these substances. Arginine was generally low in the leukocytes, although an occasionally high result was found, and ornithine, as noted above, was elevated. This again may be due to the arginase which has been found in the leukocytes (24) . a-Amino-n-butyric acid was probably present in the leukocytes; its quantity was not estimated due to the interference on the chromatograms of an unknown ninhydrin-positive substance. The leukocyte-plasma ratio for tryptophan was estimated by using an average plasma concentration for tryptophan of 17 Mmoles per kg water. It also should be noted that whereas there was a direct correlation between the concentration of many amino acids in plasma and in erythrocytes, this was not observed in the leukocyte-plasma distribution (see column Pc, Table  VII ). This may well be due to the small difference in concentration found in bloods of subjects in the fasting state.
The concentration of amino acids in the leukocytes is of the approximate order of magnitude found in other mammalian tissues (25, 26) . This is not unexpected, since the leukocytes appear to perform most of the general metabolic functions of such cells.
Unbound amino acid excretion rates in urine.
Williams and co-workers (18) found that the Volume of one billion leukocytes.
the increased excretion is caused by the postprandial rise in the plasma amino acids. The fasting urine specimens collected as described in the experimental procedure should be largely free of this diet effect. Excretion rates thus measured should be more directly related to the fasting blood amino acid levels than are specimens collected through a 24 hour period which encompasses fasting and nonfasting intervals. In column B of Table IX the excretion rates of subjects undergoing moderate exercise (an hour's walk of 3 to 4 miles between the hours of 8 and 10 a.m.) are given. This was an attempt to see whether such activity influenced the amino acid excretion. The differences between the overnight specimens and these latter samples were not significant. The similarity of the excretion rates of the two periods also implied that a 5 hour interval after the meal was sufficient to obtain constant fasting values. Diurnal variations were not studied in this work.
The urine excretion rates of the 15 normal fasting subjects on whom the blood analyses were conducted are presented in Table II excreted, ml/hr subjects are included in the table (19) . The gen-mal urines were taurine, threonine, glycine plus erally higher values reported by Stein were prob-serine, histidine plus methyl histidines, alanine, ably due to the analyses of nonfasting specimens. glutamine and lysine. Excretion rates of certain In both studies there was considerable variation in other amino acids (proline, leucine, isoleucine, the excretion rates of different subjects. This arginine, glutamic acid, aspartic acid, valine, variability was noted previously by Williams and a-amino-n-butyric acid, and phenyalanine) were colleagues (18) and was used as a basis for dem-usually low in the fasting specimens of normal inonstrating individual differences. The amino acids dividuals. These results agree qualitatively with frequently found excreted in high amounts in nor-those of other workers (17) (18) (19) 28) . t The standard deviation of the mean. Alanine, tyrosine, and serine plus glycine were on the basis of the t test significantly higher in column C than A. When compared by the sign-rank test columns A and B were not significantly different, whereas columns A and C were different at a high level of significance (a = 0.008).
1. The concentrations of unbound amino acids in the plasma, erythrocytes and leukocytes, and rates of excretion of amino acids in the urine of normal human subjects have been determined using salt-saturated paper chromatography for analysis. The variability of the determinations and the effect of temperature on the distribution of the cell components have also been investigated.
2. The mean concentrations of values in the plasma and erythrocytes for alanine, a-amino-nbutyric acid, glutamine, methionine, phenylalanine, proline, threonine, tyrosine, valine, leucine plus isoleucine, and urea did not differ significantly. On the other hand the mean concentration of arginine, glutamic acid, histidine, ornithine, serine plus glycine, and undoubtedly aspartic acid were significantly different in the plasma and the erythrocytes. When examined by a linear regression analysis a positive correlation for an association in concentration between the erythrocytes and plasma was found for alanine, a-amino-n-butyric acid, proline, tyrosine, valine, leucine plus isoleucine, and urea. This supports a diffusion-controlled distribution for these latter substances.
3. The concentrations of amino acids in the leukocytes, with the exception of arginine which was generally too low to be measured, were much higher than those found in the plasma. The leukocyte-plasma ratios ranged from 4.8 to 14.5 for most of the amino acids. Glutamic acid, ornithine, and combined serine plus glycine were concentrated in leukocytes at leukocyte-plasma ratios of 20 or higher. Taurine and 0-phosphoethanolamine, which were in very high concentration in the leukocytes, were not found in the plasma analysis, and only small concentrations of taurine were observed in the red cells. A linear regression analysis showed no relationship between the concentrations of any of the amino acids in the plasma and leukocytes. 4 . In the urine studies a reasonably constant excretion rate for the same individual was observed from day to day, whereas a large variation was found in the excretion rates among different individuals. The excretion rates of amino acids during a nonfasting period were on the average 60 per cent higher than during the fasting period.
Exercise of a moderate extent had little effect on the excretion rates.
